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1. Introduction
Chemical-Looping Combustion
Chemical-looping combustion (CLC) is a method of using carbon-based fuels for production of heat with inherent separation of CO 2 . CLC can be part of a CCS (carbon capture and storage) scheme with the purpose of reducing the impact of carbon dioxide from carbon-based fuels on the climate of the Earth. Continued utilization of fossil fuels at a large scale will require implementation of CCS if the UN and EU endorsed temperature limits are to be met [1, 2] .
In chemical-looping combustion an active bed material, the oxygen carrier, is cyclically exposed to oxidizing and reducing atmospheres, respectively air and fuel. While in air, the oxygen carrier takes up oxygen and subsequently passes it to the fuel. This can be achieved by circulating the oxygen-carrier particles continuously between two fluidized-bed reactors. The net reaction of this process is the same as for combustion in air, i.e., the heat produced in chemical-looping combustion is the same as to high amounts of sulfur and other impurities, such as heavy metals. A recent overview about chemical-looping combustion of liquid fuels has been published by Rydén [6] . Figure 1 shows a schematic of the reactor system with all major sections shown, including gas and fuel inlets and gas exits. The unit is based on interconnected fluidized beds and is similar to the design originally presented by Lyngfelt et al. [7] . In the riser section there is a fast-fluidized regime, whereas in the loop-seals and the fuel reactor there is a bubbling regime. In the air reactor the fluidization regime is on the transition between bubbling and fast fluidized. The unit was heated externally to maintain sufficient temperature in the system and compensate for radiation losses. Such losses are inherent in smallscale units like the one used here, i.e., such with a high ratio of surface area to volume. Additionally, the air that is fed to the air reactor is preheated to 1000°C. The heating cables are wrapped around the riser section, the cyclone, the upper loopseal and the fuel reactor, and covered with insulation material. More details about the reactor system can be found elsewhere [8] . The lower section of the fuel reactor was specifically designed for direct injection of liquid fuel, see Figure 2 . The height of this section is about 165 mm and the bed diameter is 150 mm. The total bed height in the fuel reactor is 275 mm. Steam is used to fluidize the oxygen-carrier particles at a superficial gas velocity that corresponds to about 7-20 times the minimum fluidization velocity, u mf . Fuel is introduced via an exchangeable injection nozzle with an orifice diameter of 0.25 mm. The injection nozzle and the fuel jet are surrounded by a flow of steam, which has the purpose of cooling injection system and fuel jet as well as preventing oxygen-carrier particles from entering the injection system. To reduce heat transfer from the hot particle bed to the injection system, the injection nozzle is located as far away as possible from the bed, while being as close as necessary for the fuel jet to reach the bed. In the fluidized bed reactor, 31 rods with a diameter of 6 mm are arranged in an equidistant pattern, which are referred to as internals. These internals are used to limit the growth of gas bubbles and to reduce the risk of formation of gas channels, which would reduce the fuel-oxygen carrier contact and therefore decrease fuel conversion. The projected open area that results from the pattern of the internals corresponds to 54% of the total cross-sectional area of the fuel reactor. A plate with 55 holes, which have a diameter of 0.5 mm an are arranged in an equidistant pattern, acts as gas distributor in the bottom of the fuel reactor. The porous quartz, which is located below the hole plate, was intended to be used as gas distributor in an earlier design phase, but became redundant when the hole plate was introduced. The amount of oxygen carrier used in the 10 kW unit depends on the bulk density of the oxygen-carrier particles. In the configuration used for injection of liquid fuel, the bed mass is in the range of 15-25 kg, out of which 5-10 kg are in the fuel reactor.
Experimental Details

10 kW Chemical-Looping Combustion Reactor System
Measurements
During the experiments, measurements of pressure, temperature, gas flows and gas concentrations are logged continuously. The fuel flow is logged manually and is based on the measured weight of the fuel tank. A schematic description of the system for gas analysis is shown in Figure 3 . Small streams of the flue gases from air reactor (AR) and fuel reactor (FR), ca. 1 L n /min on a dry basis, are diverted from the main gas streams, filtered, cooled to about 4°C and fed to gas analyzers. Gas concentrations of O 2 (paramagnetic sensor) and CO, CO 2 and CH 4 (infrared sensors) are measured continuously in the flue gases from both reactor vessels.
A fraction of the dried gas stream of the fuel reactor is fed to a micro gas-chromatograph (GC) with two parallel columns (Molsieve MS5Å, 10 m × 0.32 mm and PoraPLOT Q, 10 m × 0.15 mm), which both are equipped with a thermal-conductivity detector. In the gas chromatograph, concentrations of H 2 , N 2 , O 2 , CO, CH 4 , CO 2 , C 2 H n and C 3 H n 1 are detected and quantified. Another small stream of the fuel reactor gases is kept above 155°C and analyzed separately and continuously in a flame-ionization detector (FID), which measures the total carbon content in organic compounds, i.e., approximately
SO 2 in the flue gases of the air reactor was measured on a few occasions by means of an infrared sensor. On one occasion, with ilmenite oxygen carrier, H 2 S and SO 2 were measured intermittently in the flue gases of the fuel reactor using detector tubes (Dräger), which give a colorimetrical indication of the dry-gas concentration for specific gas species. For the specific detector tubes used here, the lower detection limits are 50 ppm and 2000 ppm for SO 2 and H 2 S, respectively. It should be mentioned that the measurement system for the fuel reactor, where there are substantial amounts of steam and condensate, was not specifically adapted for measuring SO 2 , which has a high solubility in water.
Oxygen-Carrier Materials
Ilmenite
Ilmenite is a mineral that is composed mainly of iron-titanium oxide (FeTiO 3 ) as well as some hematite (Fe 2 O 3 ). Before mineral ilmenite can be used as a bed material in a chemical-looping process, it is ground, physically beneficiated and calcined.
The ilmenite oxygen carrier used here was a mixture of about 75 wt% particles used during a previous campaign with fuel oil 1 as fuel and 25 wt% of fresh, uncalcined particles. The harmonic mean size on weight basis of the fresh material was 130 µm, but most likely increased during calcination and initial oxidation/reduction cycles. The used particles had a weightbased harmonic mean size of 160 µm. Details regarding the test campaign with fuel oil 1 as well as more information about ilmenite and its use in chemical-looping processes can be found elsewhere [9] .
Calcium Manganite
A calcium manganite-based bed material with a perovskite structure was used that had a nominal composition CaMn 0.775 Ti 0.125 Mg 0.1 O 3-δ . The particles used had a harmonic mean size of 159 µm (x 10 = 96 µm and x 90 = 234 µm), based on weight, and were produced by VITO NV in Mol, Belgium, through spray-drying followed by calcination at 1350°C for 4 h. This oxygen carrier can release gas-phase oxygen in the fuel reactor, which is usually referred to as CLOU (chemical-looping with oxygen uncoupling). This allows for a direct reaction of fuel with gaseous oxygen, which is expected to improve the conversion of intermediate and heavy liquid fuels noticeably.
A similar oxygen-carrier material has been used during commissioning of the 10 kW reactor system with injection of fuel oil 1 and delivered promising results regarding fuel conversion [9] . Oxygen-carrier materials with the same nominal composition as the one used here, were used for tests in a batch fluidized-bed reactor with different gaseous fuels [10] [11] [12] [13] , as well as in 300 W, 10 kW and 120 kW circulating fluidized-bed reactors with a sulfur-free natural gas as fuel [10, 14, 15] .
Calcium manganite-based materials are usually deactivated by sulfur. In the presence of either SO 2 or H 2 S deactivation occurs, most likely a consequence of formation of CaS, CaSO 3 or CaSO 4 . An experimental investigation showed that the specific material used here has a higher resistance to sulfur poisoning, as compared to similar materials that are not doped with Ti and Mg [11] . This investigation also demonstrated that regeneration of the oxygen carrier is possible during reduction in the absence of sulfur.
Fuels
The fuels used were based on a vacuum residue with about 5 wt% of sulfur. Straight vacuum residue was used as well as different blends with a diesel-type fuel oil 1 with low sulfur content.
Vacuum Residue
Vacuum residue is the bottom product of a vacuum distillation in an oil refinery process. Prior to vacuum distillation, crude oil is fractionated in a crude distillation unit, which operates at atmospheric pressure. The residue of the crude distillation unit is used as feedstock for a vacuum distillation unit, where the vacuum residue is obtained. Vacuum residue is an intermediate and low-value product that can be either converted to asphalt in an asphalt blower or upgraded in a delayed coking process to more valuable products, like naphtha or gas oils. The by-product from this upgrading process is petroleum coke. A comprehensible and illustrated summary of the different processes in an oil refinery was published by Olsen [16] . A comprehensive report on heavy fuel oils, which have many similarities with vacuum residue, was compiled by the American Bureau of Shipping [17] .
The vacuum residue used here was provided by courtesy of Saudi Aramco, Kingdom of Saudi Arabia. Vacuum residue generally has a high viscosity, which makes handling difficult. Additionally, it contains contaminants, like sulfur and different heavy metals, which can cause corrosion or fouling problems. The viscosities of the vacuum residue, the fuel oil 1 and different blends of both are shown in Figure 4 . A boiling range distribution of the vacuum residue, performed at reduced pressure, is shown Figure 5 . As can be seen, vacuum residue cannot be fully distilled like lighter hydrocarbons because of initiation of thermal cracking, which leads to fouling. Further fuel properties can be found in Table 1 .
To reduce the viscosity of the vacuum residue and to make it flowable, it was preheated to 80°C in the fuel tank and in the fuel line when used without fuel oil as dilutant. 
Fuel Oil 1
The fuel oil, which is usually used as domestic heating/fuel oil, has the commercial name Eo1 E10 and was purchased from a local provider, Preem AB in Gothenburg, Sweden. It meets the requirements for fuel oil defined in the Swedish standard SS 155410 [19] . An elemental analysis was performed and density and heating values were measured, see Table 1 . Additionally, a distillation curve was determined according to ASTM standard D 2887, see Figure 5 . The fuel contains about 15 vol% aromatic compounds. 2 The viscosity of the vacuum residue and the fuel oil 1 were measured according to ASTM standards D 445 and ISO 3104, respectively. The kinematic viscosities of the blends of vacuum residue and fuel oil 1 were calculated according to Shu [18] . The pour point is defined as the lowest temperature at which, upon cooling, movement of a liquid is observed and was determined according to ASTM standard D 97.
Blends of Fuel Oil and Vacuum Residue
As can be seen in Figure 4 , blending the vacuum residue with the fuel oil 1 causes a dramatic reduction in viscosity. Hence, little or no heating is necessary to handle and pump the fuel. Using cold fuel instead of preheated fuel can be an important contribution towards a reduction in fuel temperature in the fuel injector. Above a certain temperature, ca. 350°C, thermal decomposition followed by polymerization can occur in the fuel [20] , which can lead to blocking of the injector.
Two different blends of vacuum residue and fuel oil were prepared and used as fuel: 40 wt% vacuum residue in fuel oil and 80 wt% vacuum residue in fuel oil (from here on referred to as 40:60 blend and 80:20 blend, respectively). The 40:60 blend did not require any preheating, whereas the 80:20 blend was preheated to 30°C in the fuel tank and kept at that temperature in the feeding system.
Parameters Investigated 2.5.1. Ilmenite Oxygen carrier
Tests with ilmenite oxygen carrier were performed using the 40:60 blend and the 80:20 blend. Experiments with fuel addition were conducted for a total of 3.9 h. The goal during this test campaign was to test the fuel-injection system and to establish reference values regarding the conversion of blends of vacuum residue and fuel oil. The experimental parameters used with ilmenite oxygen carrier can be found in Table 2 .
Calcium Manganite-based Oxygen Carrier
The calcium manganite-based oxygen carrier was tested with fuel oil 1, 40:60 and 80:20 blends as well as undiluted vacuum residue for a total of 9.6 h of fuel addition. The goal of this campaign was to conduct tests with undiluted vacuum residue. The parameters used in this campaign are summarized in Table 2 .
Reactivity Analysis. To assess whether the reactivity of an oxygen carrier changed over the course of the experiments, i.e., through activation or deactivation, several oxidation and reduction cycles were performed in a batch fluidized-bed reactor with both fresh and used oxygen carrier. Tests were performed using methane as fuel, as it was judged to give a good indication and basis of comparison for the oxygen transfer rate of the oxygen carrier. The fluidized-bed reactor is made of quartz glass and is 820 mm high. 370 mm from the bottom, a porous quartz plate is located, which has a diameter of 22 mm and acts as gas distributor for the fluidized bed. For the reactivity analysis, 6 g of the calcium manganite-based oxygen carrier were mixed with 9 g of quartz sand, both in the size fraction of 125-180 µm. During warm-up, the oxygen carrier was fluidized with 10% O 2 in N 2 to ensure that it was fully oxidized prior to the experiments. At 950°C, the oxygen carrier was then alternatingly reduced and oxidized to mimic chemical-looping redox cycles. Methane was used for 18 s during the reduction period and the experiment was repeated four times. In between oxidation and reduction cycles, the system was purged with nitrogen for 60 s to avoid the mixing of gases. The inlet flow-rate was 0.90 L N /min during oxidation and inert periods and 0.86 L N /min during reduction, which corresponds to a specific bed mass of 13 kg/MW th . * The air-to-fuel ratio is the molar ratio of air fed to the air reactor and the stoichiometric amount of air needed for complete combustion of fuel. † A test campaign with ilmenite oxygen carrier and fuel oil 1 is the subject of an earlier publication by the authors [9] .
Data Evaluation
Oxygen-Carrier Circulation
One way to quantify the circulation of solids in a circulating fluidized-bed (CFB) reactor is through the mass flux of solids, G s , which expresses the circulation as mass flow per area in kg/m 2 s. Normally, the cross-sectional area of the riser is used as reference. This allows for comparison of solid circulation of CFB units of different size. It is usually not possible to measure the mass flux of solids directly. Here, the mass flux of solids is calculated based on pressure-difference measurements that are extrapolated to obtain the bed density at the exit of the riser, ρ exit , see Equation (1) [21] .
For practical reasons, Equation (1) is simplified and adapted to the 10 kW unit, see Equation (2) . To make a clear distinction between the true mass flux of solids and the calculated value, G s , the latter is referred to as the circulation index, see Equation (2). The circulation index, which is based on a pressuredifference measurement in the middle of the riser, represents the gross amount of particles, i.e., the sum of particles traveling upward and downward and, consequently, gives an overestima-tion of the true mass flux of solids, G s . The circulation index is assumed to be proportional to the true mass flux.
The terminal velocity, u t , is approximated according to Kunii and Levenspiel [22] .
Fuel Conversion
A simple and straightforward way to evaluate the conversion of fuel is to compare the amount of oxygen consumed in the air reactor with the stoichiometric amount of oxygen needed for full conversion of fuel to CO 2 and H 2 O. Equation (3) shows how the degree of fuel oxidation, η fuel , is calculated.
The significance of Equation (3) strongly depends on the amount of fuel that leaks into the air reactor. If a large amount of fuel leaks into the air reactor, e.g., as coke or reactive gas, oxygen consumption will still be high but at a sacrifice of CO 2 capture efficiency. On the basis of the concentration of CO 2 in the exhaust gases from the air reactor, the fraction of fuel carbon that leaks into the air reactor, f C,AR , is determined according to Equation (4) . The flow of CO 2 leaving the air reactor is compensated for the atmospheric concentration of CO 2 , which was approximately 400 ppm during the time of the experiments.
Another way to evaluate the conversion of fuel, which gives more detailed information about the different steps of conversion and selectivity, is to quantify the different species in the exhaust gas of the fuel reactor. The measurement equipment used, cf. Section 2.2, allows for monitoring the fate of fuel carbon. The different carbon species are calculated according to Equations (5)- (8) . The fraction of CO 2 of the total amount of carbon in the exhaust gases of the fuel reactor is called the CO 2 yield. A special denotation, γ instead of f , is chosen to differentiate CO 2 as desired oxidation product from other carbon species CO, CH 4 and
Oxygen-Carrier Reactivity in Batch Tests
For each cycle of the reactivity analysis, gas conversion and oxygen-carrier conversion are calculated. The oxygen-carrier conversion, i.e., the degree of mass-based conversion, ω, is calculated from the actual mass of the oxygen carrier, m OC , and its mass in the most oxidized state, m OC,ox , see Equation (9). The gas conversion, i.e., the gas yield of CO 2 , γ CO 2 , is calculated for methane as fuel according to Equation (10) and is based on measured gas concentrations,
4. Results Figure 6 shows the degree of fuel oxidation, η fuel , at varied circulation index, G s , fuel-reactor temperature and fuel type. As a reference, additional values are shown from experiments with ilmenite oxygen carrier and fuel oil 1 [9] . The flow rates of fuel for the reference points correspond to 3.9-4.5 kW th . Even though the flow rates of air in the riser here were similar to those of the reference values, the circulation index was clearly lower. The operation temperature was limited to 950°C due to problems with the electrical heating cables.
Ilmenite Oxygen Carrier
When using blends of vacuum residue and fuel oil 1, the degree of fuel oxidation seems to improve at higher temperatures. A dependence on fuel type or circulation index cannot be clearly identified due to a low amount of data points as well as a high variation of results, which is probably a result of the short periods of stable operation. The concentration of oxygen measured at the outlet of the air reactor varied between 15.1% and 18.4% for the different experimental settings. The highest degree of fuel oxidation was just below 87% and was achieved with the 40:60 blend as fuel and at a temperature of 950°C. Generally, fuel conversion with blends of vacuum residue and fuel oil 1 was in line with that from the experiments where only fuel oil 1 was used as fuel. The differences in fuel conversion seen in Figure 6 could be explained by differences in solids circulation as well as unstable fuel feeding.
Carbon leakage to the air reactor, f C,AR , was estimated based on measured concentrations of CO 2 in the air reactor, which were corrected for the atmospheric concentration of CO 2 , i.e., 400 ppm. The highest amount of carbon leakage by far was 8.3% of the fuel carbon and was measured during the experiment with the highest degree of fuel oxidation, i.e., the fuel used was the 40:60 blend and the temperature was 950°C. Even though carbon leakage was highest for the largest value of the circulation index, a general dependence of carbon leakage on solids circulation is not observed. Carbon leakage during the rest of the experiments was between 0.4% and 2.5%.
During one test with the 80:20 blend as fuel, SO 2 was measured continuously for 16 min in the flue gas of the air reactor. Additionally, SO 2 and H 2 S were measured once each in the flue gas of the fuel reactor using detector tubes. During that experiment the fuel reactor temperature was between 915°C and 935°C and the degree of fuel oxidation was low, i.e., 50% or below. No SO 2 was detected in the flue gases of the air reactor. In the flue gas of the fuel reactor, the detector-tube measurements indicated quantities of 10000 ppm and 0 ppm of H 2 S and SO 2 , respectively. The expected amount of sulfur at these conditions is about 13000 ppm. Since most of the sulfur was detected, it can be concluded that most of the sulfur in the gas phase was in the form of H 2 S. It is likely that SO 2 was present in the fuel reactor, but that it was almost completely dissolved in condensate on the inside of the gas lines that connect the reactor with the gas conditioning system. H 2 S was probably also dissolved, but due to a significantly lower solubility and a larger quantity in the flue gases only a fraction of H 2 S was dissolved. The flue gas of the air reactor does not contain steam and no such effects are expected. Earlier publications by different authors, which include experiments and thermodynamic equilibrium calculations, showed that deposition of sulfur on ilmenite oxygen carrier is unlikely, even under highly reducing conditions [23, 24] .
In conclusion, no evidence was found that indicates that leakage of sulfur from fuel reactor to air reactor occurs with ilmenite oxygen carrier.
Calcium Manganite-based Oxygen Carrier
This section consists of three parts. Results attained during 9.6 h of fuel addition are shown and discussed in Sections 4.2.1 and 4.2.2. Changes in the structure of the oxygen carrier due to fluidization under hot conditions, i.e., more than 600°C, cyclic oxidation and reduction as well as the presence of sulfur are shown in Section 4.2.3.
Fuel Conversion
The circulating fluidized-bed system was operated using different amounts of solids inventory. The amount of particles in the system varied during the experiments. This was due to the production of fines as a consequence of particle attrition, as well as elutriation of particles from the system. The latter was due mainly to an imperfectly operating cyclone separator, and, consequently, such elutriation is not expected to be a problem in a large-scale unit. To compensate for the continuous loss of solids inventory, fresh particles were loaded into the system until, eventually, no more fresh particles were available. The circulation index, G s , i.e., the gross amount of particles in the riser that are in motion, is shown in Figure 7 at varied superficial gas velocity, u 0 , in the riser. It can be seen that the amount of particles used in the system towards the end of the experimental campaign, when no more fresh material was available, i.e., 16-18 kg, was too low to operate the circulating system effectively; the circulation index was low and did not change when the gas velocity was increased. Figure 8 shows the degree of fuel oxidation, η fuel , i.e., the ratio of oxygen consumed in the air reactor by the stoichiometric amount of oxygen, at varied oxygen-carrier circulation, i.e., circulation index, G s , fuel type and fuel input at a temperature of approximately 950°C. For the different experimental settings investigated the oxygen concentration at the outlet of the air reactor varied between 13.5% and 16.5%. The highest degree of fuel oxidation, i.e., 89%, was achieved with fuel oil 1 at a fuel input of 4.4 kW th . With undiluted vacuum residue, the maximum degree of fuel oxidation achieved was 73% at a fuel input of 4.7 kW th , though at a much lower rate of solids circulation as compared to the benchmark with fuel oil 1. Fuel conversion seems to improve with higher rates of solids circulation; but since higher rates of solids circulation were used with lighter fuels (fuel blends), it cannot be said with certainty whether the trend visible in Figure 8a is caused by varying the solids circulation, the fuel type or a combination of both. Figure 8b shows a clear negative association between fuel input and fuel conversion, which is in accordance with earlier observations [9] , and can be explained by one or a combination of the following points. (1) An increased gas flow in the fuel reactor decreases the contact time between oxygen carrier and combustible gas. (2) An increased gas flow might induce gas channels in the fluidized bed, through which combustible gas bypasses the oxygen-carrier bed. (3) The average degree of oxidation of the oxygen carrier, i.e., ω, in the fuel reactor is lowered, which is associated with a reduction in reactivity for conversion of combustible gas [10, 13] . Another trend, which is visible in Figure 8b , is that at similar rates of solids circulation, fuel conversion was higher with fuel oil 1 than with both the 40:60 blend and the 80:20 blend. The reason for this decrease in conversion is not necessarily the change in fuel type. Instead, it could be due to the reduction in the oxygen carrier's reactivity that was observed between oxygen-carrier particles in fresh and used state, see Section 4.2.3 below.
Figures 9a-9d show the different fractions of carbon species in the fuel reactor, γ CO 2 , f CO , f CH 4 and f CHO , at varied solids circulation, i.e., circulation index, G s , fuel type and reactor temperature. The highest level of fuel conversion was achieved with vacuum residue at a fuel input of 5.0 kW th and a temperature of 1000°C in the fuel reactor. Here, the CO 2 yield was 93% and the fractions of CO, CH 4 and C x H y O z were 3.0%, 1.3% and 2.6%, respectively, cf. Equations (5)- (8) . Increasing solids circulation clearly improves fuel conversion, i.e., the CO 2 yield increases while the carbon fractions of C x H y O z , CH 4 and CO decrease. A distinct difference between the different types of fuel used cannot be seen. Fuel conversion for the experiment at 1000°C, which also was conducted at a higher rate of solids circulation, is clearly better than for the experiments at lower temperature. Unfortunately, there is only one data point available that has a different temperature than the rest, which makes the conclusions from the variation of temperature somewhat uncertain.
The concentration of hydrogen measured was clearly above that of carbon monoxide, which can be attributed to the high hydrogen-to-carbon ratio in the fuel reactor, i.e., H/C. Through the addition of steam for cooling and fluidization, this ratio was between 6.1 and 8.5 during the entire test campaign. The equilibrium concentrations of hydrogen, based on the water-gas shift reaction, were usually 10-20% lower than the measured values. This deviation increased to about 80% when undiluted vacuum residue was used as fuel. Fractions of hydrogen species were not calculated, but the concentrations measured followed the same trends as the carbon fractions of CO, CH 4 and C x H y O z in Figure 9 . The highest average concentration of hydrogen was 14.3% and was detected during the addition of 6.2 kW th of fuel oil 1 at a fuel-reactor temperature of 950°C. The lowest average hydrogen concentration was 3.3% and was observed when undiluted vacuum residue was used as fuel at a flow rate that corresponds to 5.0 kW th and a fuel-reactor temperature of 1000°C.
A release of gas-phase oxygen by the oxygen carrier, i.e., a CLOU effect, was clearly seen prior to fuel operation when the fuel reactor was fluidized with steam. At a fuel-reactor temperature of about 900-950°C, after cooling to 4°C, the flue gas contained more than 21% of oxygen, the rest being nitrogen, which was used for fluidization of the loop-seals. The corresponding concentration of oxygen in the fuel reactor was approximately 3%.
Carbon Leakage and Fate of Sulfur
Carbon leakage of the system, f C,AR , which is one minus the carbon capture efficiency, was calculated on the basis of the concentration of CO 2 measured in the air reactor. The concentration of CO 2 varied between 600 ppm and 2600 ppm and during eight out of fourteen experiments, it was below 1000 ppm. The corresponding values of the carbon fraction in the air reactor, which are corrected for the atmospheric concentration of CO 2 , i.e., 400 ppm, are shown in Figure 10 . During most experiments, carbon leakage of fuel carbon to the air reactor was about 1% or below. On three occasions, when vacuum residue and the 80:20 blend were used as fuel, more than 2% of the fuel carbon leaked to the air reactor and would have been lost with respect to carbon capture. The fuel inputs during these experiments were 4.7 kW th and 5.0 kW th with vacuum residue and 4.0 kW th with the 80:20 blend. With these fuels, lower values of carbon leakage were measured at higher fuel inputs. Hence, no clear trend of the carbon fraction in the air reactor at varied circulation, fuel type or fuel input can be observed.
With calcium manganite-based oxygen carrier, an SO 2 analyzer was connected to the air reactor on two occasions, during 38 min and 178 min of fuel operation with 80:20 blend and vacuum residue, respectively. The temperature in the fuel reactor was varied between 920°C and 1010°C and the temperature in the air reactor was 890-1020°C. No SO 2 was detected in these two occasions. Measurements to detect SO 2 and H 2 S in the flue gas of the fuel reactor were not performed.
Particle Analysis
Scanning electron microscope (SEM) images of fresh and used calcium manganite-based particles show mostly regular, spherical particles, see Figure 11 . The fresh sample contains a significant fraction of small particles and fragments, and the surface porosity varies visibly, see Figure 11a . The particles of the used sample look more homogeneous with regard to size and surface porosity and the surface appears to be less porous in comparison to that of the fresh particles. Almost no donutshaped particles were seen in any of the samples. SEM images of particle cross-sections revealed that both the fresh and the used oxygen-carrier batches contained particles with large cavities. These types of particles can be formed during the spraydrying procedure at unoptimized conditions. The porosity seen in the cross-sections seems to decrease from fresh to used state, which is in agreement with the observations from the surface images.
Particle size distributions were measured for fresh and used particles by means of sieving and weighing, see Figure 12 . Over the course of the campaign, the distribution curve became narrower, i.e., the fractions of particles above 212 µm and below 125 µm decreased, and the form of the distribution curve became more bell-shaped. While the mean particle size remained practically constant, the bulk density increased by nearly 30%, see Table 3 . This again confirms a decrease in porosity, and this densification of calcium manganite-based materials was also reported by other authors, though to a smaller extent. Rydén et al. [25] reported an increase in bulk density of 8% over a period of 70 h of experiments in a bench-scale fluidized-bed reactor with continuous oxygen-carrier circulation and natural gas as fuel. Cabello et al. [26] measured the skeletal density during an experimental campaign and observed an increase in density of 5% during 38 h of fuel operation with methane, followed by another increase of 5% during 17 h of fuel operation with sulfurous methane. The resistance to mechanical attrition increased significantly over the course of the experiments, which is indicated by the reduction of the attrition index, see Table 3 . A possible explanation of the observed changes could be that the batch of fresh particles consisted of a higher fraction of particles with cavities, which may have a higher propensity to break than more solid particles and, consequently, the fraction of this type of particle was reduced as fragments were elutriated from the system in the cyclone. The comparison of fuel conversion against oxygen-carrier conversion for a number of redox cycles conducted in a batch fluidized-bed reactor shows a clear deterioration in reactivity of the oxygen carrier from fresh to used state, see Figure 13 . Possible explanations for this decrease in reactivity could be the general susceptibility of calcium manganite-based materials to sulfur poisoning, which has been observed before [11] , or the reduction in porosity observed. For an oxygen carrier with a similar composition to the one used here, Arjmand et al. [11] showed that is possible to reverse a sulfur-induced deactivation. Reactivation occurred during a number of redox cycles in a batch fluidized-bed reactor with sulfur-free fuel, at 1000°C and at prolonged inert periods. No such regeneration occurred here during the batch tests conducted with the used, deactivated particles. To see whether sulfur reacted with the particles, an EDX analysis was conducted on the used material.
Particles of the calcium manganite-based oxygen carrier were mounted on an epoxy puck, which was polished, so that the cross-section of the particles could be investigated. Two such samples were produced, one with fresh, heat treated particles and one with particles used during the entire test campaign. EDX measurements were done with a scanning electron microscope (FEI Quanta 200 ESEM FEG) using an acceleration voltage of 20 kV.
A randomly selected area of the sample with used particles, which contained about 70 particle cross-sections, was mapped. The elements Ca, Mn, Ti, S and O were evenly distributed among the particles, with the exception of a few particles that contained less Ca and more Mn, and Mg occurred in some concentrated spots. In about 20% of the cross-sections, the amount of sulfur detected was clearly higher than in the rest of the particles. The atomic fraction of sulfur (out of the elements Ca, Mn, Ti, Mg and S) for one of the particles with a high sulfur concen- tration was about 0.06. For a particle with low sulfur signal, the atomic fraction of sulfur was less than 0.02. During the whole experimental campaign with calcium manganite-based oxygen carrier, fuel was added for nearly 10 h, which, in total, contained about 100 g of sulfur. If all that sulfur had reacted with 16 kg of bed material, e.g., to form calcium sulfate, an atomic fraction of sulfur of about 0.01-0.02 would have been expected. Hence, it seems likely that a large fraction of the sulfur added reacted with the oxygen carrier. Due to their even distribution, sulfur cannot be clearly associated with calcium or manganese. In the sample of fresh particles, the level of sulfur detected on the particles could not be differentiated from the background level.
Crystalline phases of oxygen-carrier particles were identified using X-ray powder diffraction (Bruker D8 Advance) with CuKα radiation. The diffractograms of fresh and used particles were similar in the analyzed range of 2θ = 10 . . . 70°; the major phase CaMn 0.5 Ti 0.5 O 3 was identified as well as the minor phases CaMn 0.9 Ti 0.1 O 2.962 , CaMn 2 O 4 and MgO. Crystalline phases of sulfur could not be identified unambiguously. Table 4 shows at comparison between fuel conversion with ilmenite and calcium manganite-based oxygen carrier for dif- ferent fuels (fuel blends). For this comparison, data is shown in chronological order and from experiments where the conditions were as similar as possible. When comparing the values of fuel conversion, it has to be kept in mind that fuel conversion improves at decreased fuel input and at increased solids circulation. Furthermore, the reactivity of the calcium manganite-based oxygen carrier decreased over time, i.e., from fuel oil 1 to vacuum residue. Also, the number of experiments is low and, hence, the uncertainty of each data point is high. With that in mind, it can be seen that the calcium manganite-based oxygen carrier in its initial state, i.e., with fuel oil, exhibited a clearly higher level of fuel conversion than the ilmenite oxygen carrier, even though the fuel input was higher and the level of solids circulation was somewhat lower. Over the course of the experiments with calcium manganite-based oxygen carrier, fuel conversion decreased. This could have been caused by one or a combination of the following: (1) the change of fuel, (2) the deactivation of the oxygen carrier, (3) the decrease in solids circulation. Fuel conversion of the 80:20 blend with ilmenite oxygen carrier is comparable to that of the 80:20 blend and vacuum residue with calcium manganite-based oxygen carrier. The fact that fuel conversion with calcium manganite-based oxygen carrier was initially superior and, over time, approached that of ilmenite oxygen carrier can likely be attributed to the decrease in reactivity, see Figure 13 . The mechanism that caused the deactivation is not fully understood. It was shown (1) that sulfur reacted with the oxygen carrier, (2) that the density of the oxygen carrier had increased and (3) that the surface of the particles seemed to have become less porous. Hallberg et al. [14] showed that the reactivity of a different batch of the calcium manganite-based oxygen carrier used was nearly constant during about 100 h of fuel operation with natural gas. Hence, it seems likely that the decrease in reactivity observed was caused by the sulfur in the fuel. It is unclear to what degree different degrees of sulfur uptake affects the reactivity, and to what extent the material can be regenerated during operation, as was suggested by Arjmand et al. [11] . There, it was seen that captured sulfur was released from the material during extended inert periods, and it was suggested that SO 2 was generated by a reaction of CaSO 4 and CaS previously formed. Hence, it could be speculated that SO 2 will be released in regions of low partial pressure of SO 2 , i.e., loopseals and air reactor. It also opens up for the use of a separate regeneration step where sulfur-poisoned oxygen carrier elutriated or extracted from the system is regenerated and transferred back to the chemical-looping system, thus limiting the average degree of deactivation. That said, it is clear that this type of oxygen carrier is most applicable for a desulfurized fuel.
Discussion
The conversion of fuel in general mainly depends on the following parameters: temperature, fuel flow and oxygen-carrier conversion in the fuel reactor, ω. In the case of oxygen carriers with a perovskite structure, like the calcium manganite-based material used here, the concentration of oxygen at the outlet of the air reactor is added to that list. The oxygen concentration has a direct influence on how much oxygen can be transported to an atmosphere where there is little or no oxygen, i.e., the fuel reactor, as was shown by Rydén et al. [25] and Leonidova et al. [28] . Ideally, in order to show the influence of each of these four parameters, one parameter should have been varied, while holding the others constant. Out of practical reasons this could not be achieved. Here, solids circulation was controlled by varying the air flow to the air reactor. Consequently, solids circulation, air-to-fuel ratio and the concentration of oxygen at the outlet of the air reactor are interdependent and their respective influences are hard to separate.
The greatest challenge during the operation of the circulating fluidized-bed reactor with heavy liquid fuel was the feeding of fuel and blocking of the injection system, respectively. This manifests itself in the low ratio of fuel operation to hot operation (here: above 600°C), i.e., 9.6 h to 94.9 h. The longest periods of fuel feeding were achieved on the last experiment day with vacuum residue. After a period of fuel injection that lasted nearly 1 h, fuel feeding was stopped, restarted and could be continued for another 2 h. This was the first and only time when using 40:60 blend, 80:20 blend or undiluted vacuum residue that fuel injection could be restarted without cleaning or replacing parts of the injection system. For comparison, during an earlier campaign with fuel oil 1 and a similar injection system, fuel feeding could be stopped and restarted without problem and the whole campaign was conducted without the needing of cleaning or replacing parts of the injection system; the longest continuous period of fuel operation was 12.4 h, and a total of 204 h of hot operation yielded 66.6 h of fuel operation [9] .
Feeding heavy liquid fuels requires a well-controlled temperature control of the systems for feeding and injection. If the temperature is low, the viscosity is high and the pressure in the fuel system increases. If the temperature falls below the pour gen carrier before and after testing with different fuels. The particle size distribution was determined through sieving and weighing.
point, cf. Figure 4 , the fuel ceases to flow freely. If the temperature of the fuel in the injection system exceeds a critical value, ca. 350°C, the injection system can be blocked because of thermal decomposition and polymerization of the fuel [20] .
The fuel temperature in the feeding system can be measured and controlled fairly easily. Monitoring the temperature of the fuel in the injection system, however, which is located in the reactor wall below the surface of a bubbling fluidized-bed, is much more difficult and was not done in this study. Within the injection system, the fuel has the highest temperature in the injection nozzle, where it is fed through an orifice with a diameter of 0.25 mm. While a direct measurement of the fuel temperature here seems virtually impossible, it might be estimated from a temperature measurement at a different point of the injection system. It is expected that monitoring the fuel temperature is easier in systems with higher thermal capacities, larger fuel flows and, consequently, larger injectors. It is not known if the blocking of the injection system was preceded by a long and slow process of fuel polymerization and carbon deposition or if the process is fast and possibly self-enhancing. This might be important, because if a fraction of fuel carbon were deposited in the injection system, then the composition of the fuel that enters the fluidized bed would change, which, in turn, would affect some of the calculated values. Without correcting the calculations for carbon deposition, the frac- manganite-based oxygen carrier with methane as fuel at 950°C. The specific bed mass was 13 kg/MW th . Reactivity is shown as gas conversion, i.e., CO 2 yield, γ CO2 , at varied oxygen-carrier conversion, ω, measured for four oxidation and reduction cycles for both fresh and used oxygen carrier. Results from the first cycles are omitted.
tion of carbon that leaks to the air reactor, f C,AR , as well as the degree of fuel oxidation, η fuel , could be undervalued. The pressure in the fuel line can be an indicator for how carbon deposition and blocking of the injector occur, abrupt or slow and continuous. With the 40:60 blend and the 80:20 blend, the pressure was stable for 10-20 min, followed by a pressure builtup that lasted 20-60 min and resulted in complete blocking of the injector. With vacuum residue, the pressure fluctuated more and several pressure peaks were observed, and, in contrast to the experiments with blends of vacuum residue and fuel oil 1, pressure peaks were passed without having to stop fuel feeding. After the experiment where vacuum residue was continuously fed for 2 h, and which resulted in blocking of the injector, the injection system and the rest of the reactor system was disassembled. It was found that the fuel injection system was blocked by a cylindrical, solid plug, which was about 5-6 cm long, 12.5 mm in diameter and had a weight of 11.9 g. A sample of this piece was crushed and analyzed with EDX. Only two elements were identified; carbon as the main constituent accompanied by a minor fraction of sulfur. This was the largest and most severe occurrence of a plug in the injection system during the whole campaign and the weight of the plug corresponds to about 1.3 wt% of the total amount of fuel added during the 2 h prior to the blocking. Therefore, it is concluded that the effect of carbon deposition was small and can be neglected. Additionally, at the muzzle of the injection system in the fluidized bed a large, more or less spherical, and rather soft agglomerate had formed, which was about 6 cm in diameter and weighed about 127 g. An SEM/EDX analysis of a crushed sample showed that the agglomerate consists of oxygen-carrier particles, which contain a significant amount of sulfur and virtually no carbon. It is likely that the agglomerate contained some carbon, which was burned during the reoxidation of the oxygen carrier material, prior to cool-down. The analysis of the plug and the agglomerate suggests that (1) fuel fouling in the injection system occurs in the absence of oxygen carrier particles and (2) the presence of sulfur in the fluidized bed might induce an agglomeration of calcium manganite-based oxygen-carrier particles.
Most problems regarding the feeding of heavy liquid fuels are believed to be connected with the injection system and, more precisely, insufficient cooling of the fuel. As discussed above, monitoring the temperature will most likely be easier at a larger scale. The same is probably true for the cooling of fuel, which would need to be improved. A possible solution would be to add a closed cooling circuit into the wall of the existing injection system to reduce heat transfer to the injection nozzle.
Carbon leakage from fuel reactor to air reactor occurred with both oxygen carrier materials as well as with all fuels investigated. The mechanism that causes carbon leakage cannot be clearly distinguished. Possible mechanisms for carbon leakage are gas leakage, carbon deposition on oxygen-carrier particles and soot formation in the fuel-reactor bed. The latter two mechanisms involve formation of solid carbon in the fuel reactor, which follows the circulation of oxygen-carrier particles into the air reactor. In the 10 kW reactor used, neither gas leakage nor carbon formation occurred during more than 1000 h of fuel operation with natural gas [29, 30] . Hence, it is unlikely that gas leakage should occur when employing liquid fuels. In this study, carbon deposition occurred regularly in the injection system, even though it should have been suppressed by the high amount of steam. Hence, it seems possible that soot is formed in the particle bed close to the injector. Soot particles, however, are small and, therefore, would be elutriated from the particle bed by the flow of gas or, alternatively, gasified by the steam present in the fuel reactor. Carbon formation on the oxygencarrier particles should be thermodynamically impossible, inhibited by the high steam content in the fuel reactor and, in case of the calcium manganese-based material, the fact that oxygen is released from the particles. Carbon deposition, which is autocatalytic, could occur locally, i.e., in regions where either mixing is poor or where the oxygen carrier is highly reduced, e.g., close to the injection system. Carbon deposition on the oxygen carrier particles and subsequent transport to the air reactor seems to be the most likely mechanism for carbon leakage.
Summary and Conclusions
In this study, chemical-looping combustion of a heavy liquid fuel was conducted using a continuous CLC unit. A fuel reactor with an in-situ fuel-injection system for heavy liquid hydrocarbon fuel, i.e., vacuum residue, was designed and constructed for a chemical-looping reactor system with the nominal fuel input of 10 kW th . In this system, the gas velocities in both riser and gas-distributor nozzles are comparable to those of an industrial circulating fluidized-bed boiler. Ilmenite and a calcium manganite-based oxygen carrier were used for reference and performance experiments, respectively, and different fuels including a vacuum residue, a fuel oil and blends of those were tested.
During the reference experiments, the degree of fuel oxidation was 25-87% and usually less than 2.5% of the fuel carbon leaked into the air reactor. In the fuel reactor, fuel sulfur was converted mostly to H 2 S and possibly some SO 2 and no evidence was found that sulfur was transported to the air reactor. The variability in the measured data was high, likely due to difficulties in maintaining steady-state.
Experiments with successful injection of undiluted vacuum residue were performed using a calcium manganite-based material, which has a perovskite structure and can release gas-phase oxygen in the fuel reactor. The latter characteristic can be highly beneficial for the conversion of liquid or solid fuels. Fuel addition took place during almost 10 h and the oxygen carrier was fluidized at hot conditions for more than 90 h. Fuel-reactor temperatures of 950°C and 1000°C were tested at varied circulation of solids, air-to-fuel ratio, fuel type and fuel input. The fuel input was between 4.0 kW th and 6.2 kW th , which corresponds to a specific fuel-reactor bed mass of about 1300-2000 kg/MW th , which is high. Fuel oxidation increased with higher temperatures, lower fuel input, higher air-to-fuel ratio and higher circulation rates of oxygen carrier. A distinct dependence of fuel conversion on the fuel type used could not be seen. At a fuelreactor temperature of 1000°C and an input of vacuum residue that corresponds to 5.0 kW th , about 93% of all carbon leaving the fuel reactor was in the form of CO 2 . Carbon leakage to the air reactor was very low and usually below 1%. The reactivity of the oxygen carrier decreased over time, which is probably an effect of sulfur poisoning. Despite that, no sulfur was detected in the flue gas of the air reactor.
With fuel oil 1, fresh calcium manganite-based oxygen carrier exhibited clearly higher degrees of fuel oxidation than activated ilmenite. With blends of vacuum residue and fuel oil 1, used, i.e., deactivated, calcium manganite-based oxygen carrier exhibited degrees of fuel oxidation similar to those achieved with activated ilmenite.
The following conclusions can be drawn:
• Successful injection of different heavy liquid fuel blends was achieved even though problems with recurrent blocking of the injection system could not be overcome.
• The use of different fuel types did not have a visible effect on fuel conversion or carbon leakage, i.e., vacuum residue, fuel oil 1 and blends of the two exhibited a similar behavior. However, the sulfur present in the vacuum residue can clearly have a negative effect on the reactivity of the calcium manganite-based oxygen carrier.
• Stable operation was achieved, despite the short injection times, i.e., 38-178 min.
• The integrity of the calcium manganite-based oxygen carrier was high and no noteworthy problems, such as high formation of fines, agglomeration of bed material or defluidization, were encountered.
• With calcium manganite-based oxygen carrier, most of the fuel sulfur was retained in the bed. It is likely that the Ca in the oxygen carrier forms CaSO 4 or CaS.
• The calcium manganite-based oxygen carrier exhibited a decrease in reactivity, likely due to sulfur poisoning. 
